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The temporal evolution of residual charges during laser ablation of metal and dielectric materials was investigated by measuring the correlated transient electric field using femtosecond electron shadow imaging and deflectometry. The results indicate that residual charges in metals can redistribute themselves almost instantly, abiding by the boundary conditions and Maxwell equations in the same way as they would at electrostatic equilibrium condition, but residual charges in dielectrics are confined within the excited area for hundreds of picoseconds and beyond. These observations provide an experimental support to the alleged Coulomb explosion phenomenon in previous studies as well as a reference for modeling residual charge dynamics. © 2011 American Institute of Physics. ͓doi:10.1063/1.3533811͔
Electron emission from solids under ultrashort intense laser excitation is ubiquitous and accompanied by the creation of an equal amount of positive charges on the targets. These residual charges can modify the spectrum of photoelectrons and affect photoemission experiments aiming at high energy and angular resolutions. 1, 2 Their temporal behavior can also alter the dynamics of laser ablation 3, 4 and plasma generation. 5 Previously, the influence of residual charges was largely neglected, albeit this might only be considered as a good approximation under the condition of weak optical excitation. The recent study of laser-matter interaction using intense short-pulsed laser pulses has brought a significant attention to the residual charge effects. Several related works reported theoretical models 6, 7 as well as experimental measurements 1 of residual charge effects. However, direct observation of residual charge temporal behavior has been sparse so far, and a unified model to describe the residual charge dynamics for different types of materials ͑e.g., metal and dielectrics͒ has not been reached.
In this study, we report real-time measurements of residual charge dynamics via sensing the correlated transient electric fields using ultrafast electron shadow imaging and deflectometry. [8] [9] [10] [11] The experimental setup is similar to the work described before. 8 In the experiment, each femtosecond optical pulse with 50 fs temporal width at a center wavelength of 800 nm was divided into pump and probe pulses by an optical beam splitter. The pump pulse struck the sample, creating plasma and the associated transient electric field. The probe laser pulse was first frequency tripled and then sent to a photocathode to generate an ultrashort probe electron pulse, which was used to take a snapshot of the transient field at a point of time set by an optical delay line. In this study the pump pulses were focused down to 100 m on the target with an average fluence of 2.2 J / cm 2 . The probe electron pulses were set at a beam energy of 40 keV with an estimated temporal duration of 300 fs. In shadow imaging measurement the electron beam was left unfocused with a relative large beam diameter of ϳ1.5 mm to track the overall feature of the transient electric field by analyzing the distorted beam intensity profile. In the more quantitative deflectometry measurement, the beam size was reduced to ϳ75 m to monitor the average electric field strength at a specific passing distance above the target surface by tracking the change of the center-of-mass of the deflected beam. Both femtosecond electron shadow imaging and deflectometry measurements were conducted on metal ͑a 100-m-thick copper slab͒ and dielectric ͑340-and 820-m-thick sapphire disks͒ targets. Each sample was polished to mirror shine and fixed on the sample holder inside an ultrahigh vacuum chamber. The front surface of a sample can be adjusted in the experiment to be parallel to the probe electron beam path within an uncertainty of 0.1°. Figure 1͑a͒ displays the shadow images of a 100-m-thick copper slab at different time delays after laser pump. These images show that a semispherical shadow apa͒ Author to whom correspondence should be addressed. Electronic mail: jcao@magnet.fsu.edu. pears, grows, and disperses with time on the excitation ͑right͒ side of the slab as reported in the previous work. 8 A conspicuous feature revealed in these shadow images is that the sharp shadow edge that originally marks the back edge of copper slab remains at the same location, despite the shadow images change significantly with time. This indicates that the probe electrons passing behind the sample are not affected by the laser-induced electron emission at all.
To make a quantitative comparison of electric fields on both sides, we also conducted deflectometry measurements 8 at two specific positions A and B, as marked in Fig. 1͑a͒ . Position A is 120Ϯ 15 m away from the front sample surface, and position B is 120Ϯ 15 m away from the back surface. Both A and B are on the symmetrical line of the semispherical shadow. The results are shown in Fig. 1͑b͒ . While no detectable beam shift was observed at position B, the beam passing at position A experiences a significant deflection due to the ejected electrons. 8 These results, the fixed position of shadow edge line and the zero beam deflection at position B, indicate that the electric field induced by the pump laser pulse exists only at the excitation side of the target. During the process of electron emission induced by ultrafast laser pulses, both ejected electrons and the positive residual charges could contribute to the transient electric field. These two types of charges together with free electrons in the metal interact with one another and adjust their distributions, abided to the boundary conditions and Maxwell equations. 12 In the normal direction, the spatial scale of residual charge distribution in the sample will be characterized by the Debye length. 13 The Debye length under our current experimental condition is estimated to be ϳ0.1 nm for heated copper, and most of residual charges will be confined in a surface layer of a similar thickness. Our observation of the complete absence of an electric field on the back side of excited metal slab indicates that screening ͑reaching a new quasielectrostatic equilibrium after the pump pulse͒ in copper happens nearly instantaneously, shorter than the electron pulse duration. Otherwise, there should be detectable beam deflection at the back side of laser-excited metal target. This observation concurs with the widely accepted picture that the screening in metal usually takes effect on a timescale comparable to the period of plasma vibration of 0.38 fs in copper.
In sapphire, due to its large bandgap of 9.9 eV, electron ejection from either multiple-photon photoemission or thermionic emission will take place at both front and back surfaces. This results in shadows on both sides of the disk, as shown in Figs. 2͑a͒ and 2͑b͒ . Therefore, the aforementioned method of measuring beam deflection at the back side cannot be used to check the residual charge behaviors on the front side of a dielectric target.
To circumvent this limitation, we turned to compare the transient electric fields generated on the front sides of two sapphire disks of different thicknesses, one with a 340 m thickness and the other with 820 m. If the screening in dielectrics is strong and takes effect as fast as in metals, the transient electric field owing to the ejected electrons and residual charges on one side of the disk would not extend to the other side. Consequently, the electron emission and the related electric field would be the same on the front sides of 340 and 820 m disks under the same pump conditions, rendering nearly identical shadow images and deflectometry measurements for these two samples. On the contrary, if the measurements show distinct features, it would indicate that screening does not take place fast enough.
Figures 2͑a͒ and 2͑b͒ show the shadow images of these two dielectric disks at different time delays after laser excitation. Although the shadows have similar shapes for these two disks, the semispherical shadows on the front side of the thinner disk are clearly smaller than those of the thicker disk at 6 and 12 ps. This prompts us to conduct a more precise and quantitative deflectometry measurement on positions C and D, marked in Figs. 2͑a͒ and 2͑b͒. Positions C and D are at the same distance of 120Ϯ 15 m from the front surface of the 340-and 820-m-thick sapphire disks, respectively. Deflectometry measurements at these two positions display significant distinctions, as shown in Fig. 2͑c͒ . During the first tens of picoseconds, the deflection observed on 340-m-thick disk is smaller than that on the 820-m-thick disk, in line with the shadow image measurements. Moreover, after reaching a negative maximum around 40 ps, the beam deflection recorded on the 820-m-thick disk recovers toward the original position, while the deflection observed on the 340 m slab moves toward another broad minimum.
We attribute these distinctions between the deflection curves to the dissimilar unscreened electric field induced by both the emitted and residual charges on the back side of these two disks. Due to its low charge carrier density and poor carrier mobility, the electric fields generated by the emitted electrons and the residual charges on the back side cannot be adequately screened on picosecond or faster timescale. The net effect of this transient field, taking into consideration that ejected electrons move further away and the residual charges stay nearly stationary, will be an additional dragging force on passing electrons on the front side. The magnitude of this attracting force is larger in a thinner sample, making a more pronounced negative deflection and slower recovery in the deflection curve of the thinner disk. This influence could become progressively larger as the separation between emitted electrons and residual charges at the back side increases and persists as long as the residual charges are not neutralized. Therefore, the transient electric field in the vicinity of photoexcited dielectrics can be modeled as being generated by the fast moving emitted electrons and by the residual charges that are confined within the excited area.
To compare the residual charge behaviors in metal and dielectric targets, we also measured the deflections at locations E and F, as marked in Figs. 1͑a͒ and 2͑a͒. E ͑F͒ is at 40Ϯ 15 m above the copper ͑sapphire͒ front surface and 140Ϯ 30 m from the excitation laser beam center line. Since they are not on the symmetrical line of the shadow image, the beam deflection is two-dimensional ͑2D͒, as shown in Fig. 3 . In contrast to the beam's bending away from the sample at locations A and C, the beam deflections at locations E and F during the initial 20 ps point toward the sample front surfaces. In addition, they have larger amplitudes, even though E and F are farther away from the excitation spots than A and C. These features are owing to that the electric field outside the target is produced by both the surface residual charges and the emitted electron cloud that is self-expanding and moving away from the sample. Once the electron cloud has passed beyond the probed location, the Z components of these two fields along the surface normal are changed from destructive to constructive, yielding a stronger overall attraction field for the passing probe electrons.
Another interesting feature revealed in these 2D curves is that the direction of electric field ͑beam defection͒ at location E is nearly perpendicular to the target surface and its Y component ͑pointing up along the sample surface͒ is positive within the entire time range. These are supposed to take place only when the screening in metal is finished. In contrast, the measurement at location F shows a flipping of the electric field direction, resulting in a negative Y component of beam deflection after 200 ps. These observations further indicate that most of the residual positive charges stay within the excited area in dielectrics so that their attractive forces for the probe electrons toward the negative Y direction are long lasting and become dominant after the emitted electron cloud moves further away.
The results revealed in this study also support the concept of "Coulomb explosion" proposed for the laser ablation of dielectric targets. 14, 15 The residual charges that last hundreds of picoseconds as observed for the dielectric target indicate that the excited spot will remain at a highly charged state on a similar timescale, creating a temporal window for the Coulomb explosion and inducing material disintegration. On the contrary, in metals, the immediate screening hinders the extended upholding of highly charged state, rendering the Coulomb explosion harder to take place. This instant shielding of transient electric field on the back side of the sample also suggests that the residual charges together with the bulk free carriers react to the electric field of the ejected charge cloud instantaneously. Therefore, the ejected electrons, the residual charges, and the free charge carriers in the sample are mutual interacting entities, which present a reference frame for a refined theoretical modeling of the residual charge behavior 15 and the emitted electron dynamics. 7 In summary, we have studied the temporal behavior of the transient electric field induced by ultrafast photoexcitation of metal and dielectric targets. The results indicate that the electric fields are affected by both the emitted electrons and the residual charges. In metals, the residual charges and free carriers will screen inner electric field generated by emitted electron at every moment. This observation suggests that the electric field on the pumped side of a metal target could be modeled as being generated by emitted electrons and their image charges. In dielectric target, the residual charges are confined within the excited area for hundreds of picoseconds and longer timescale, providing the driving force for the Coulomb explosion taking place when the residual charge density surpasses the critical value. 
